A systematic study on the behaviour of stable 2,4,6-trimethyl-3,5-dichlorobenzonitrile oxide versus a number of mono-, bi-and trisubstituted dipolarophiles in water was pursued obtaining simple as well as annulated isoxazolines. Reaction conditions changed with the dipolarophilic species, according to their solubility in water and the degree of substitution of the reactive carbon-carbon multiple bond. The presence of sodium dodecyl sulfate was also tested as potential micellar catalyst.
Introduction
During the last two decades, 1,3-dipolar cycloadditions (1,3-DC) in water or aqueous media have been recognized as a useful, non-conventional method with wide application in the synthesis of a huge number of five-membered heterocyclic rings.
1 This is primarily due to the straightforward features of water as the reaction medium. In fact, despite the aggressive nature of water towards a number of organic functionalities, water itself displays a number of desirable features: (i) the pH of the reaction medium is often easily controlled, (ii) reaction rates can be dramatically increased by means of the hydrophobic effect, (iii) product separation and/or reaction workup is generally greatly simplified, and (iv) environmentally-friendly procedures can be successfully elaborated. Early contributions by Grundmann described nitrile oxide cycloadditions in biphasic aqueous-organic mixtures. 2 Later, further examples of dipolar cycloadditions in water or aqueous media have been exploited, 3 leading to some successful synthetic methodologies (the well-known "click" azidealkyne cycloaddition). 4 By focusing on the field of nitrile oxide chemistry, 5 some papers have appeared in recent years describing the 1,3-dipolar activity of such species in aqueous systems from both a mechanistic 6 and synthetic 7 standpoint. To date, however, no systematic studies of stable nitrile oxide 1,3-DC in pure water have been performed. In fact, nitrile oxides are almost always generated in situ from the whole array of their precursors 5 which are usually fully insoluble in water. As a result, an organic cosolvent is very often required giving rise to a variety of experimental conditions spanning from homogeneous 8 to biphasic systems. 9 We argued that a thermally stable nitrile oxide could tolerate the use of pure water as the reaction medium thus circumventing the use of organic solvent. Hence, in the present work we undertook a systematic investigation on the behaviour of the stable 2,4,6-trimethyl-3,5-dichlorobenzonitrile oxide onto a variety of alkenyl-, alkynyl-and hetero-dipolarophiles in water.
Results and discussion
As a suitable dipolar species, nitrile oxide 1 (Scheme 1) was prepared according to literature procedures. 10 This nitrile oxide was submitted to reaction with a number of dipolarophilic species in pure water at room temperature as summarised in Schemes 1-4 and Tables 1-3. The results were satisfactory, provided that very short reaction times and mild conditions were in place with respect to some reactions carried out in organic solvent as control experiments (vide infra, note 14), and very good isolation yields were always experienced. Furthermore, reaction workup was a very simple matter since the crude product was collected by filtration, thus avoiding any chromatographic separation. Further crystallisation gave analytically pure products 2-13 whose structures were established unambiguously on the basis of spectroscopic as well as spectrometric data.
As far as monosubstituted ethylenic dipolarophiles were concerned (Scheme 1, Table 1 ) several issues deserve to be highlighted. First, it can be noted that the extent of cycloaddition is satisfactory provided that the mentioned dipolarophilic counterparts are liquids which are insoluble or sparingly soluble in water. This finding is substantiated by the fact that no reaction occurred in the presence of water-soluble dipolarophiles like allyl alcohol (Table 1 , entries 11, 12) and allylamine (Table 1, entries 14, 15) since in these latter two cases unreacted 1 was recovered. It is likely that nitrile oxide cycloadditions in water take place due to the hydrophobic effect. 11 A fully soluble reactant (dipolarophile) cannot be forced in a close space with 1 and by consequence a fruitful reaction is ruled out. To circumvent this solubility problem, we reasoned that aqueous solutions of salts which enhance the ionic strength of the reaction medium would be able to squeeze out the (dipolarophilic) organic liquid thus allowing reaction with 1. Thus, both reactions with allyl alcohol and allylamine were repeated in 4 M aqueous sodium chloride at room temperature. While allyl alcohol behaves as a good dipolarophile in these conditions giving the desired isoxazoline in 88% yield ( All the above considerations may be roughly applied to monosubstituted acetylenic dipolarophiles as can be inferred from both Scheme 2 and Table 2 . In order to complete the picture concerning the reactivity of 1 toward monosubstituted dipolarophiles, our attention was turned to ethylcyanoformate as a valuable heterodipolarophile (Scheme 3). After 2 h at room temperature the expected 1,2,4-oxadiazole 6 was obtained in 84%
yield.
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The results described and discussed up to this point show the ease of reaction between 1 and monosubstituted dipolarophiles. However, when attempting the reaction between 1 and norbornene under the same conditions, unchanged reactants were recovered. It could be likely that enthalpic factors are responsible for this disappointing outcome. Thus, we decided to submit bi-and trisubstituted ethylenes to reaction with 1 in boiling water. As can be seen from Table 3, isolation yields of products 7-13 (Scheme 4) were quite satisfactory in these latter conditions. The obtainment of isoxazolines 7-9 as single diastereoisomers is particularly significant since it points out the concerted nature of nitrile oxide 1,3-DC in water, i.e. the stereochemistry of the corresponding 1,2-disubstituted ethylenes is retained through the 1,3-DC's (Table 3 , entries 1-3). As a further step of the present work, two naturally-occurring oxygenated monoterpenes of the pinane family, namely (S)-cis-verbenol and (1S)-(-)-verbenone, were reacted with 1 giving cycloadducts 12 and 13, respectively, as single diastereoisomers in the enantiopure form (Table 3,   entries 6, 7 and Table 3 , footnote b). Structures 12 and 13 were assigned on the basis of NOESY experiments having observed NOE enhancement between H and H A-C as depicted in Figure 1 , in the same way to that previously found onto similar annulated pyrazoles. In these latter two cases, the severe steric hindrance exerted by the two methyl groups placed onto the cyclobutyl ring of the dipolarophiles is responsible for the observed complete stereoselectivity.
Conclusions
The reactivity of stable nitrile oxide 1 toward a number of dipolarophiles has been exploited in pure A mixture of 1 (0.12 g, 0.52 mmol) and the appropriate monosubstituted dipolarophile (0.78 mmol) in water (3.5 mL) was mechanically shaken at room temperature for the time indicated in Tables 1   and 2 . The resulting mixture was filtered, the solid material was washed with water (5 mL) and dried in vacuo. Further crystallisation with diisopropyl ether gave pure 2, 4 or 6. A mixture of 1 (0.12 g, 0.52 mmol), the appropriate monosubstituted dipolarophile (0.78 mmol) and sodium dodecylsulfate (SDS) (15.1 mg, 52.4 µmol) in water (3.5 mL) was mechanically shaken at room temperature for the time indicated in Tables 1 and 2 . The mixture was extracted with dichloromethane (2 x 10 mL), the organic layer was washed with water (3 x 10 mL) and dried over sodium sulfate. Evaporation at reduced pressure gave a residue which was crystallised with diisopropylether giving pure 2, 4 or 6.
Reaction between nitrile oxide 1 and monosubstituted dipolarophiles in aqueous 4M sodium chloride: general procedure.
A mixture of 1 (0.12 g, 0.52 mmol), the appropriate monosubstituted dipolarophile (0.78 mmol) in 4M aqueous sodium chloride (3.5 mL) was mechanically shaken at room temperature for the time indicated in Table 1, entries 13, 16 and Table 2 , entries 9, 12. The resulting mixture was filtered, the solid material was washed with water (2 x 5 mL) and dried in vacuo. Further crystallisation with diisopropyl ether gave pure 2-5. A mixture of 1 (0.12 g, 0.52 mmol), the appropriate di-or trisubstituted dipolarophile (0.78 mmol) in water (3.5 mL) was refluxed for the time indicated in Table 3 under vigorous mechanical shaking. The resulting mixture was cooled at room temperature and filtered. The solid material was washed with water (2 x 5 mL) and dried in vacuo. Further crystallisation with diisopropyl ether gave pure 7-13, respectively. 
